The ribose transporter is a bacterial ABC importer with a non-canonical organization. Results: The binding protein complexes with the membrane domain in the absence of substrate, and the ATPase dissociates from the membrane domain during transport. Conclusion: A distinct model for transport is proposed from in vitro reassembly conditions and EPR data. Significance: The ribose transporter typifies the diversity of ABC transporter mechanisms.
Bacterial ATP-binding cassette (ABC) importers are primary active transporters that are critical for nutrient uptake. Based on structural and functional studies, ABC importers can be divided into two distinct classes, type I and type II. Type I importers follow a strict alternating access mechanism that is driven by the presence of the substrate. Type II importers accept substrates in a nucleotide-free state, with hydrolysis driving an inward facing conformation. The ribose transporter in Escherichia coli is a tripartite complex consisting of a cytoplasmic ATP-binding cassette protein, RbsA, with fused nucleotide binding domains; a transmembrane domain homodimer, RbsC 2 ; and a periplasmic substrate binding protein, RbsB. To investigate the transport mechanism of the complex RbsABC 2 , we probed intersubunit interactions by varying the presence of the substrate ribose and the hydrolysis cofactors, ATP/ADP and Mg 2؉ . We were able to purify a full complex, RbsABC 2 , in the presence of stable, transition state mimics (ATP, Mg 2؉ , and VO 4 ); a RbsAC complex in the presence of ADP and Mg 2؉ ; and a heretofore unobserved RbsBC complex in the absence of cofactors. The presence of excess ribose also destabilized complex formation between RbsB and RbsC. These observations suggest that RbsABC 2 shares functional traits with both type I and type II importers, as well as possessing unique features, and employs a distinct mechanism relative to other ABC transporters.
ABC
5 transporters comprise a large superfamily of transmembrane proteins that consists of both exporters and importers (1) (2) (3) (4) (5) (6) (7) (8) (9) . ABC exporters are found in all domains of life and transport a variety of substrates, including lipids, peptides, toxins, antibiotics, and chemotherapeutic drugs (2) . ABC importers are almost exclusively prokaryotic and are typically employed for the uptake of metabolites and cofactors (1, 4) . In Gram-negative bacteria, such as Escherichia coli, the ribose transporter (RbsABC 2 , herein referred to as RbsABC for simplicity) is critical for the high affinity uptake of ribose and is part of an operon of genes whose products are involved in the delivery and processing of this molecular precursor for nucleic acid synthesis (10) .
Despite the diverse nature of organisms and substrate chemistry, both ABC importers and exporters are thought to share a common transport mechanism involving alternating access of the transmembrane domains (TMDs) (2) (3) (4) . This model for transport is based on detailed studies of type I importers (3) (4) (5) , primarily the maltose transporter (11) (12) (13) (14) (15) (16) (17) , where ATP binding and hydrolysis in the cytoplasmic nucleotide-binding domains (NBDs, or ABC domains) is driven by the presence of substrates. Periplasmic substrate-binding proteins (SBPs) deliver substrates to the inner membrane TMD-NBD complex, where conformational changes in the TMDs from inward to outward facing states facilitate payload acceptance. ATP hydrolysis in the NBDs leads to a reversal of these changes and subsequent substrate delivery from one leaflet of the lipid bilayer to the other (2) (3) (4) (5) (6) (7) (8) (9) .
Recent studies of type II importers, such as the vitamin B 12 and molybdate II transporters, have revealed a peristaltic transport mechanism, where substrate is accepted from SBPs in a nucleotide-free state, and transport is facilitated by more modest conformational changes in the TMDs (18 -20, 21) . ATP hydrolysis results in rearrangement of transmembrane helices to an inward facing conformation, forcing the substrate into the cytoplasm (22) . The association between the SBP and its cognate TMD-NBD complex partners is longer lived and sensitive to the availability of substrate, in stark contrast to observations made on type I systems (22) .
Previous studies of the ribose transporter suggest that it shares features with both type I and type II import systems. For instance, SBPs fall into distinct structural and functional groups; those of type I importers undergo more significant conformational changes upon substrate binding than the type II variety (23) . The ribose transporter SBP, RbsB, belongs to the former class based on apo-and ribose-bound crystal structures (24, 25) . Structural studies of type I importers show that TMDs are normally composed of 6 -8 helices/monomer, whereas type II class members consist of 10 helices/monomer (12, 18) ; based on in vivo labeling experiments, the ribose transporter TMD, RbsC, belongs to the latter class (26, 27) . Finally, NBDs of type I importers typically have low basal rates of activity and hydrolyze ATP with high efficiency only in the presence of a substrate-loaded SBP. Many, such as the maltose transporter, also contain C-terminal regulatory domains that prevent ATP hydrolysis when bound to substrate (28) . Type II importer NBDs typically have higher basal rates of ATP hydrolysis independent of substrate availability and lack C-terminal regulatory domains (18 -20) . The ribose transporter ABC domain, RbsA, is a single polypeptide consisting of two fused NBDs, an organization that is not typical of ABC domains in either importer class, and, like type II NBDs, lacks any sequences indicating the presence of a regulatory domain (29) . Nevertheless, results from this study, based primarily upon stimulation of hydrolysis activity, suggest that RbsA is functionally more similar to the type I class.
To elucidate the RbsABC transport mechanism and to determine to which class of importer the ribose transporter belongs, we employed cofactor variation in vitro to probe conditions promoting intersubunit interactions between RbsA, RbsC, and RbsB. We purified the three components in the presence of the substrate, ribose, and the hydrolysis cofactors, ATP/ADP and Mg 2ϩ , to determine conditions promoting complex formation and activity. The results of the investigation suggest that RbsABC shares functional features with both type I and type II transporters and may belong to a distinct class of importers. These results support recent studies demonstrating that transport mechanisms in this superfamily, although consistent with the alternating access model, have significant variations and are increasingly diverse.
MATERIALS AND METHODS

Cloning of His-tagged Ribose
Transporter Genes-The previously constructed (29, 30) plasmid pTATC (pT7-rbsA, pT7-rbsC, amp r ) was modified to place N-terminal hexahistidine tags on either rbsA (pTHATC) or rbsC (pTATHC) to facilitate expression and affinity purification of ribose transporter complexes. pTATC was treated with NcoI in the middle of the rbsC gene, trimmed with nuclease BAL-31 to remove the remainder of rbsC, and treated with DNA polymerase I to repair the staggered ends, resulting in pT7-rbsA. The product was cut with BamHI, and the fragment was verified by agarose gel electrophoresis. pT7-6His-rbsC was cut from the previously constructed pHC (30) using PvuII and BamHI. The resultant 1.5-kb fragment containing pT7-6His-rbsC was ligated with pT7-rbsA to produce the final plasmid pTATHC, as confirmed by sequencing.
To create a plasmid with pT7-6His-rbsA and pT7-rbsC, the previously constructed plasmid pHA (29) was digested with PvuII and BamHI, which resulted in a 1.9-kb fragment that was verified by agarose gel electrophoresis and subsequently purified. The previously constructed plasmid, pC, which contains rbsC and a T7 promoter (30) , was cut with HindIII, and the overhangs were filled by the Klenow reaction. The product was cut using BamHI, resulting in a gel-purified 3.3-kb fragment. The 1.9-kb and 3.3-kb fragments were ligated to produce the plasmid pTHATC (pT7-6His-rbsA, pT7-rbsC, amp r ), as confirmed by sequencing.
To create a plasmid for expression of a His-tagged RbsB, rbsB was introduced into the vector pET22b(ϩ), which contains a C-terminal hexahistidine tag to avoid interference with the signal sequence. rbsB was isolated from the previously constructed plasmid p4B1 (31, 32) using PCR with primers designed to introduce NdeI and XhoI restriction sites (GGAATTCCATA-TGAACATGAAAAAACTGGC and CCGCTCGAGCTGCT-TAACAACCAGTTTCAG). The resulting PCR product and the vector pET22b(ϩ) were each subsequently cut by NdeI and XhoI and produced a 0.88-kb fragment and a 5.3-kb fragment, respectively. The fragments were ligated, and the resulting plasmid was analyzed by sequencing to confirm production of pTBH (pT7-rbsB-6His, amp r ). All genes were cloned with individual T7 sequences and in the 5Ј-3Ј orientation. All enzymes were obtained from New England Biolabs.
Expression of Membrane Protein-containing Plasmids-Plasmids containing the membrane protein rbsC with or without the cytoplasmic domain rbsA (either pTATHC, pTHATC, pTHC, or pTATC) were transformed into BL21-AI competent cells (Invitrogen) by heat shock, and proteins were expressed using the "restrained expression" method (33) . Following inoculation of 1 liter of Terrific Broth medium (supplemented with 0.4% glycerol and ampicillin) with overnight starter cultures, cells were grown to A 600 ϭ 0.6 at 37°C, subsequently induced by the addition of 0.01% (w/v) arabinose, and allowed to express overnight (16 -20 h ) at 16°C. Cells were harvested by centrifugation at 6000 ϫ g for 20 min, and the resulting pellets were collected and stored at Ϫ80°C. Expression by this method resulted in 15-20 mg/liter of purified complexes.
Expression and Purification of RbsB and RbsA Alone-Plasmids containing rbsB (p4B1) and rbsA (pHA) were transformed into BL21(DE3) competent cells (Invitrogen) by heat shock and expressed and purified as described previously (29, 32) . Plasmids containing His-tagged RbsB (pTBH) were transformed and expressed as above but purified using affinity chromatography. Following cell lysis and centrifugation at 10,000 ϫ g for 20 min, the resulting supernatant was loaded onto 2 ml of nickel-nitrilotriacetic acid resin pre-equilibrated with binding buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 5 mM imidazole). Following batch binding, the suspension was poured into a 10-ml Poly-Prep column (Bio-Rad). The column was washed with 10 column volumes of wash buffer (binding buffer with 60 mM imidazole), and protein was eluted using 10 column volumes of elution buffer (wash buffer with 200 mM imidazole). Samples were analyzed by SDS-PAGE.
Purification of Ribose Transporter Complexes-Cells from 1-liter cultures were resuspended in 10 ml of ice-cold lysis buffer (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA)/g of dry cell pellet. The protease inhibitors PMSF and phenanthroline were added to 1 mM each final concentration, and the suspension was lysed by three passages through a French pressure cell (Aminco). The lysate was centrifuged at 30,000 ϫ g for 30 min. Supernatant was collected and membranes were isolated by ultracentrifugation at 150,000 ϫ g for 1 h. The resulting supernatant was discarded, and membrane pellets were resuspended on ice by the addition of 4 ml of chilled Tris-glycerol (TG) buffer (20 mM Tris-HCl, pH 8.0, and 20% glycerol) and 6 mM each of ATP/ADP, MgCl 2 , and sodium orthovanadate (prepared as described (15)). 10 mg of purified RbsB were added, and the final volume was raised to 10 ml by the addition of TG buffer. The solution was gently stirred at room temperature for 1 h, after which 2 ml of 10% n-dodecyl-␤-D-maltoside (DDM; Anatrace) and 8 ml of binding buffer (TG buffer ϩ 1.5 M NaCl and 5 mM imidazole) were added. Membranes were solubilized for 1 h and centrifuged at 150,000 ϫ g for 20 min, and the supernatant was incubated for 1 h with nickel-nitrilotriacetic acid resin equilibrated with binding buffer. Following batch binding, the suspension was poured into a 10-ml Poly-Prep column and washed with 10 column volumes of wash buffer (TG buffer with 150 mM NaCl, 60 mM imidazole, 0.02% DDM, and 1 mM each of ATP, MgCl 2 , and vanadate), and proteins were eluted with 10 column volumes of elution buffer (wash buffer with 200 mM imidazole). Samples were analyzed by SDS-PAGE using a 15% polyacrylamide gel.
Purification of His-tagged RbsC-The plasmid pTHC was transformed into BL21-AI cells and expressed as described above for transport complexes. Purification of RbsC was done as described above for complexes, except in the absence of cofactors and associated proteins. The detergent n-decyl-␤-Dmaltoside (Anatrace) was used at a final concentration of 0.1% during purification instead of DDM when preparing RbsC for reconstitution into liposomes, a consideration based upon the low critical micelle concentration of DDM.
Reconstitution of Ribose Transport Complexes into Liposomes-100 mg of E. coli polar lipids (Avanti) were dried under nitrogen and stored under vacuum overnight. Lipids were resuspended in 20 mM HEPES, pH 7.2, to a final concentration of 20 mg/ml. The resulting suspension was sonicated three times on ice for 15 s with 45-s intervals. The clarified suspension was extruded through a 1000-nm polycarbonate filter and then 10 times through a 400-nm polycarbonate membrane. Aliquots were flash-frozen and stored at Ϫ80°C until use. For reconstitution, purified ribose transporter subunits (RbsC, RbsBC, or RbsAC) were mixed with thawed liposome aliquots in a 4:1 ratio for a final protein/lipid concentration of 1:100 (w/w), allowed to incubate on ice for 2 h, buffer-exchanged by centrifugal filtration three times into 20 mM HEPES, pH 7.2, to remove residual detergent, and then concentrated to a final 100 g/ml of RbsC.
CD Spectroscopic Analysis-Circular dichroism measurements were made in quartz 0.01-cm path length cells using a JASCO J600 CD spectropolarimeter equipped with a temperature control system. Experimental parameters were as follows: time constant, 1-2 s; scan speed, 20 -50 nm/min; step interval, 0.1 nm; bandwidth, 2-5 nm; standard sensitivity, 100 millidegrees; 4 -6 accumulations; and 4°C temperatures. RbsC was exchanged into the following buffers and concentrated to 0.2-1 mg/ml: for detergent-solubilized RbsC, 10 mM HEPES, pH 7.2, 20% glycerol, and 1.5 M ammonium sulfate; for liposome-reconstituted RbsC, 10 mM HEPES, pH 7.2, 0.05 mM EDTA, and ϳ18 mg/ml E. coli polar lipids. Secondary structure content was determined by analysis of CD spectra in the 190 -240-nm range as described (34 -41) using PROTCD (38 -41) .
Loading of Liposomes with RbsB and Ribose-RbsC-containing proteoliposomes were combined with RbsB or RbsB ϩ ribose in 1:1 molar ratios, and the resulting suspension was frozen by liquid nitrogen for 5 min and then subsequently allowed to thaw at room temperature for 15 min. The freezethaw cycle was repeated two additional times and resulted in RbsB-or RbsB ϩ ribose-loaded liposomes.
Activity Assay of Proteoliposome-reconstituted Ribose Transporter-ATPase activity was measured for five different protein-substrate combinations: individually purified RbsABC 1) with and 2) without ribose; 3) co-purified RbsAC plus individually purified RbsB plus ribose; 4) co-purified RbsBC plus individually purified RbsA plus ribose; 5) purified RbsA with free liposomes; and 6) co-purified RbsAC alone. Hydrolysis activity was measured at room temperature in solutions containing 20 mM HEPES, pH 7.2, 50 M ATP, 3 mM MgCl 2 , and, where appropriate, 10 g/ml RbsC (final concentration in liposomes) and 8.2 g/ml RbsA (except when already present). Vanadate, when present during purification, was removed prior to experiments by buffer exchange and dialysis. All reactions were started by the addition of MgCl 2 . Phosphate release was assayed using Malachite Green dye, as described previously (42) (43) (44) . Aliquots were taken at 0, 5, 20, 40, and 60 min. Colorimetric measurements were made following the addition of fresh working dye solution (44) . Color intensity was measured at 630 nm using a PerkinElmer Life Sciences Lambda 40 UVvisible spectrophotometer. Measurements were backgroundcorrected and analyzed by linear regression in Microsoft Excel, with all curves force-fitted through the origin.
ATP Hydrolysis Activity Inhibition by Vanadate-ATP hydrolysis activity measurements in RbsAC proteoliposomes loaded with RbsB were made as described above except in the presence of 0 -1.2 mM sodium orthovanadate. Measurements were made as above from aliquots taken at 0, 20, 40, 60, 80, and 100 min using the Malachite Green assay. Data were processed and analyzed as above.
Purification and Labeling of RbsB N41C -The rbsB mutation N41C was introduced to the p4B1 plasmid (31, 32) using the Stratagene QuikChange mutagenesis kit and was confirmed by sequencing, creating a single cysteine mutant for analysis by electron paramagnetic resonance (EPR) spectroscopy. The RbsB N41C mutant was expressed and purified using a modification of the protocol for wild-type RbsB described previously (32) . Cells were lysed by osmotic shock, after which 10 mM dithiothreitol (DTT) was added. RbsB was precipitated by the addition of ammonium sulfate and centrifuged at 10,000 ϫ g for 20 min. The resulting pellet was washed 10 times with 20 mM Bistris propane, pH 7.0, and resolubilized in the same buffer, after which a 10:1 molar excess of S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL) was added to RbsB and shaken overnight at 4°C. Unbound MTSL was removed by equilibrium dialysis against 20 mM Tris-HCl, pH 8.0.
Activities of RbsB N41C Mutant Complexes-Ribose transporter complexes were purified, as above, instead substituting RbsB N41C for wild-type RbsB. ATPase activities for detergentsolubilized wild-type and mutant complexes were measured as described above.
EPR Spectroscopy of Mutant Complexes-Purified detergentsolubilized ribose transporter complexes were exchanged into buffer containing 20 mM Tris, pH 8.0, 150 mM NaCl, 0.02% DDM, and 1 mM each of cofactors (where appropriate) before being concentrated to 40 M. 50-l samples were transferred to a glass capillary, which was inverted into a quartz sample tube to be placed into the instrument sample cavity (Bruker ER 4119HS). Continuous wave EPR measurements were made at room temperature using a Bruker EMX Plus instrument, and spectra were collected in the X-band. The scan width of all spectra was 250 G, and files were cropped to values stated in the figure legends. Spectral files were initially processed using the Bruker WinEPR software suite, and data were exported to MS Excel for further analysis.
Western Blot Analysis of RbsBC Complex-Primary antibodies (Bio-Rad) were diluted as follows: RbsA (1:10,000), RbsB (1:100,000), and RbsC (1:500). Following transfer onto nitrocellulose, primary antibodies were incubated for 1 h at 4°C and then washed. Immunodetection employed alkaline phosphatase-conjugated goat anti-rabbit IgG (1:10,000; Bio-Rad), which were incubated for 1 h at 4°C and washed. The gels were then visualized as described previously (45) .
RESULTS
To study the mechanism of ribose transport by RbsABC, we utilized cofactor variation during purification to control assembly of various ribose transporter complexes and measured their respective in vitro ATPase activities in both detergent and lipid environments. Our observations suggest shared features of the ribose ABC transporter with both type I and type II importers as well as novel features that are thus far unique to RbsABC.
Isolation of Individual Ribose Transporter Subunits RbsA, RbsB, and His-RbsC-We first isolated the three components of the ribose transporter individually to facilitate in vitro assembly experiments (Fig. 1A, lanes 1-3) . RbsA and RbsB are soluble proteins and were expressed and purified as described previously (10, 32) . Hexahistidine-tagged (His) RbsC was expressed in E. coli and purified via affinity chromatography in buffer containing DDM, as described earlier. The low critical micelle concentration of DDM made n-decyl-␤-D-maltoside the more practical detergent choice when reconstituting into liposomes.
Isolation of the Full Complex-Previous studies of the maltose transporter have shown that vanadate trapping can be utilized to isolate full transporter complexes (15) . Vanadate readily substitutes for the ␥-PO 4 following ATP hydrolysis and subsequent P i release and traps the complex in a postcleavage state. The RbsABC complex was formed using this technique following extraction of His-RbsC from E. coli membranes, the addition of purified wild-type RbsA, RbsB, and requisite cofactors, and subsequent affinity purification, as described above. The results were analyzed by SDS-PAGE (Fig. 1A, lane 5) . The non-hydrolyzable ATP analogues AMP-PNP and ATP␥S, in combination with Mg 2ϩ , could also be readily employed to stabilize RbsABC (data not shown).
Isolation of the NBD-TMD Complex-Type I ABC importers have typical apo-states with associated NBDs and TMDs, whereas the apo-states of type II importer complexes consist of all three proteins (46 -51) . The isolation of RbsAC proved difficult in the absence of nucleotides and RbsB, despite the use of published protocols from similar systems. The RbsAC complex was first identified using the protocol established for RbsABC, using the cofactor and substrate combination of Mg 2ϩ , ATP, and VO 4 (Fig. 1A, lane 4) , and without the addition of RbsB. Because this combination leads to ATP hydrolysis, the possibility was raised that Mg 2ϩ -ADP is actually stabilizing the RbsAC complex, an observation that is consistent with the results of purification in the presence of this cofactor combination (Fig.  2A, lane 3) .
Isolation of the Apo-complex-Because the expected RbsAC resting state of the complex could not be isolated without hydrolysis cofactors, we tested the outcome of combining all three proteins with no cofactors present or with ATP alone. Unlike what is observed in type I and type II importers, we observed a new complex, RbsBC, consisting of the SBP and TMD alone (Fig. 1A, lane 6) .
Isolation of Complexes in the Presence of Ribose-To test the effect of the substrate, ribose, on complex formation, we included 1 mM ribose in the purification conditions in addition to other cofactors. When ribose is present during conditions that otherwise produce the vanadate-trapped RbsABC complex, the RbsAC complex is observed instead (Fig. 1B) . When ribose alone is present without nucleotide and Mg 2ϩ , RbsC alone is observed (Fig. 1C) . This suggests that ribose loading of RbsB destabilizes its interaction with RbsC.
Assembly of Complexes Using Alternate Affinity Tag SitesTo test the possibility that assembly is affected by the location of the hexahistidine tag on RbsC, we used His tags attached to the N terminus of RbsA and the C terminus of RbsB, respectively, and a subset of the experiments was repeated. Based on the results of the His-RbsC experiments, we tested four conditions: Mg 2ϩ -ATP-VO 4 , Mg 2ϩ -ADP, ATP alone, and no cofactors. For experiments using His-tagged RbsA, we expressed RbsA and RbsC using the plasmid pTHATC and combined them with separately purified wild-type RbsB. The results are consistent with those observed for His-RbsC (Fig.  2B) .
For experiments using His-tagged RbsB, RbsA and RbsC were expressed using the plasmid pTATC and combined with purified His-RbsB. The results were consistent with those observed for His-RbsC (Fig. 2C) , albeit the analysis was complicated by the similar molecular weights of His-RbsB and RbsC. This ambiguity was addressed by employment of RbsB and RbsC antibodies in a Western blot analysis, which demonstrated the presence of both proteins following affinity purification in the cofactor-free condition (Fig. 2D) , as seen before.
Reconstituted Ribose Transporter Complexes Are Active in Liposomes-Proteoliposomes were formed as described earlier, and proper folding of RbsC in both detergent and liposomes was tested by CD spectroscopic analysis (Fig. 3) . For His-RbsC in DDM, the calculated ␣-helical content was determined to be 57-59%, whereas that of His-RbsC in proteoliposomes was determined to be 54 -61%. Both figures are in agreement with similar measurements made for both the vitamin B 12 transporter (␣-helical content of 62% with 20 transmembrane helices in the homodimer, BtuC) and the maltose transporter (61% with 14 transmembrane helices in the heterodimer, MalFG) (17, 18) .
His-RbsC-containing liposomes were loaded with RbsB and mixed with RbsA and ATP, and hydrolysis was subsequently initiated by the addition of Mg 2ϩ . Maximal activity was observed with 3 mM Mg 2ϩ ; further increase in magnesium concentration resulted in precipitation of phospholipids and subsequent reduction of ATPase activity. All three ribose transporter proteins plus ribose are necessary for the full substratestimulated ATPase activity of the membrane-reconstituted complex (Fig. 4A) . The observed ATPase activity of the complex assembled and reconstituted in liposomes using individually purified components in the presence of Mg 2ϩ , ATP, and ribose (Fig. 4A, green line) was 0.27 mol of P i /mg of RbsA/min, a 500-fold increase in activity when compared with RbsA alone in the presence of empty liposomes (Fig. 4A, black line) . The ability of the full RbsABC complex to hydrolyze ATP was increased 10-fold in the presence of ribose (Fig. 4A, green line) over measurements made in its absence (Fig. 4A, orange line) , demonstrating a substrate-stimulated activity. The full complex (Fig. 4A, green line) also exhibited a 33-fold increased activity compared with uncoupled activity in the absence of both RbsB and ribose (Fig. 4A , purple line, 8.2 nmol of P i /mg of RbsA/min). As is typical for ABC proteins, vanadate was shown to inhibit ATP hydrolysis activity of RbsABC in liposomes in a concentration-dependent manner (Fig. 4B) .
In addition to assembling complexes using individually purified components, we measured ATPase activities of the membrane-reconstituted partial complexes RbsAC and RbsBC in the presence of their respective cognate partners as well as ATP, Mg 2ϩ , and ribose. These experiments tested whether the partial complexes could be productive and represented meaningful steps during the ribose transport cycle. The observed ATPase activity for the reconstituted complex originating from RbsBC was 0.30 mol of P i /mg of RbsA/min (Fig. 4A, blue line) , whereas activity for the complex originating from RbsAC was 0.26 mol of P i /mg of RbsA/min (Fig. 4A, red line) . These measurements were within the margin of error of the activity measurements for the complex reconstituted from individually purified components, indicating that both RbsBC and RbsAC form productive complexes with their respective cognate partners.
Verification of RbsB-RbsC Interaction through EPR Spectroscopy-Complexes similar to RbsBC have not previously been reported in published studies of other bacterial ABC importers. As an additional verification of productive interactions between RbsB and RbsC in this state, we employed EPR spectroscopy to probe intersubunit contacts. The mutation N41C at the proposed binding interface of RbsB with RbsC was made for spin labeling and subsequent EPR measurements. Although no crystal structure exists for the RbsB-RbsC complex, the RbsB interaction domain has been mapped by mutational studies that abrogated ribose transport and chemotaxis (31) . Structures of similar bacterial ABC importers support the involvement of this region of SBPs as the primary site of contact with their corresponding transmembrane domains (12, 20) . Based on the mutational analysis and comparison with similar structures, an MTSL spin label attached to C41 would be predicted to experience significant limitations in mobility when RbsB is in complex with RbsC and be relatively unhindered when RbsB is in the unbound state. MTSL-spin-labeled RbsB N41C was prepared as described under "Materials and Methods." Hydrolysis activity of ribose transporter complexes in surfo with RbsB N41C was comparable (7.5 nmol of P i /mg of RbsA/min) to activity measurements made in the presence of wild-type RbsB (data not shown). EPR spectra of RbsB N41C C complexes showed significant peak broadening and splitting (Fig. 5, middle) when compared with spectra of RbsB N41C alone (Fig. 5, top) . Nearly identical spectral changes are observed in the RbsAB N41C C complex (Fig. 5, bottom) . The spectral changes are due to immobilization of the spin label when RbsB is in complex and can be interpreted as a signature for a direct and stable interaction between RbsB and RbsC in both the RbsBC and RbsABC complexes. The data suggest that the interactions between RbsB and RbsC are canonical in what is apparently a resting state RbsBC complex.
DISCUSSION
A pathway for ribose transport by protein products of the rbs operon has previously been proposed based on observations from earlier experiments and from studies of other ABC importers (24, 25, 29) . First, ribose diffuses into the periplasm of Gram-negative bacteria via outer membrane porins. Free ribose is scavenged by the SBP, RbsB, which binds its substrate with 0.3 M affinity (32) . RbsB then delivers ribose to the inner membrane complex formed by RbsAC, which subsequently flips the substrate across the membrane into the cytoplasm in an ATPdependent manner (29, 30) . Ribose is sequestered in the cell by phosphorylation by the ribokinase, RbsK (52) .
To elucidate the molecular details of the E. coli ribose transporter mechanism as well as to improve understanding of ABC transporter function, we isolated rbs system complexes where the soluble components RbsA and RbsB were bound in vitro to the hexahistidine-tagged membrane protein, RbsC, and purified via affinity chromatography in the presence of substrate and cofactors. Using this method, we isolated three complexes: RbsABC, RbsAC, and the previously unobserved complex, RbsBC.
The Formation of the RbsABC Complex-We found that the full transport complex would form in the presence of the three cofactor combinations: Mg 2ϩ -AMP-PNP, Mg 2ϩ -ATP␥S, or Mg 2ϩ -ATP-VO 4 . Based on these combinations, we determined that minimally, the following cofactors are required for stabilization of the full complex: the nucleotide, the ␥-phosphate, and Mg 2ϩ . The absence of one or more of these leads to the alternate complexes discussed below. We infer from these observations that the ribose transporter forms a full and stable complex just before and after ATP hydrolysis.
The Formation of the RbsAC Complex-The TMD-NBD complex is the canonical resting state in vivo for bacterial ABC importers. This conclusion is challenged for this system based on the unexpected requirement of Mg 2ϩ -ADP for the isolation of RbsAC in vitro, even in the presence of all three proteins, suggesting that RbsAC exists only following ATP hydrolysis. This also suggests that RbsAC may not be inherently stable in vivo, although the possibility remains that some RbsA-RbsC interaction is present in the cofactor-free state but is beyond the detection limits of our experiments.
The Formation of the RbsBC Complex-The isolation of the SBP-TMD complex, heretofore unobserved in studies of other ABC importers, was unexpected and suggests that the NBD can dissociate from the TMD during the transport cycle. The absence of cofactors leads to formation of the RbsBC complex in vitro and may represent the resting state of the complex. The possibility that complex formation was impeded by the location of the histidine tag was tested and was confirmed to not play a role in this process. Verification of this observation was sought by site-directed spin-labeling EPR spectroscopy and employed placement of the cysteine-reactive MTSL spin label on the binding face of RbsB. In the presence of RbsC and no cofactors, the label showed decreased mobility compared with RbsB alone. Further, the spectrum of RbsB bound to RbsAC in the vanadate-trapped conformation was identical to that observed for RbsBC. The simplest explanation for both measurements is a stable association between the binding face of RbsB and RbsC. This observation does not require equivalent conformations of RbsBC and RbsABC but simply means that the local environment experienced by the spin label is similar or identical in both complexes. Taken together with the hydrolysis activity data, these experiments suggest that the RbsB-RbsC interaction in this complex represents a canonical binding configuration.
The Influence of Ribose on Complex Formation-When ribose was present during purification, RbsB did not associate with RbsC during conditions that otherwise promoted RbsBC or RbsABC complex formation (i.e. no cofactors or Mg 2ϩ -ATP-VO 4 ). This observation is consistent with binding studies of the vitamin B 12 transporter, which show an overall reduction in affinity of the SBP, BtuF, for its cognate TMD-NBD complex, BtuCD, in the presence of the transported substrate (51, 53) . Thus, ribose is correlated with the increased ATPase activity of the complex yet also prevents co-elution of RbsB with RbsC. This suggests that ribose is released to RbsC without a requirement for ATP hydrolysis.
Ribose Transporter Complexes Are Active in Liposomes-The full RbsABC complex and partial RbsAC and RbsBC complexes were reconstituted in liposomes, and hydrolysis activity was measured. When the complexes were provided Mg 2ϩ -ATP and ribose (and, where applicable, RbsA or RbsB), a 500-fold increase in hydrolysis activity was observed when compared with activity for RbsA alone in the presence of empty liposomes. Functional analysis of the reconstituted system also confirms that ribose-bound RbsB is necessary for stimulation of hydrolysis activity, showing a 10-fold increase when substrate and the SBP are present. This result is similar to observations made from type I transporters like the maltose transporter system, where maltose-bound SBP stimulates hydrolysis activity of the reconstituted transporter 600-fold (16), but is divergent from the results of type II transporters like the vitamin B 12 system, where high basal rates of hydrolysis activity are observed in a substrate-and SBP-independent manner (51). When considered in isolation, RbsA itself is far less active (0.5 nmol of P i /mg/ min) than NBD proteins from other bacterial ABC importers (60 -90 nmol of P i /mg/min). This could perhaps be attributed to the unusual architecture of RbsA relative to other bacterial ABC proteins: a single polypeptide consisting of fused NBDs, with mutations, revealed by sequence alignment, in several conserved active site amino acids critical for ATP binding and hydrolysis in one of the two domains (29) .
Cofactor-dependent Purification of Complexes Suggests a Distinct Transport Mechanism-Cofactor variation in purification-based studies has led to the isolation of RbsABC, RbsAC, and RbsBC complexes. Compositions of the isolated complexes are dependent upon the presence of Mg 2ϩ , the identity of the bound nucleotide, and the addition of ribose (Fig. 6A) . Based on the evidence presented in this paper and previous studies of bacterial ABC importers, we propose a scenario wherein RbsBC assembles in the absence of cofactors and subsequently interacts with Mg 2ϩ -ATP-bound RbsA to form the intact complex (Fig. 6B) . Assembly of this complex leads to ATP hydrolysis and ribose uptake. Following hydrolysis, the interaction between RbsB and RbsC is destabilized, and RbsB dissociates from RbsAC. This final observation is supported by the cofactor-dependent isolation of RbsAC even in the presence of all three proteins, demonstrating that RbsB is released during the transport cycle. The physiological purpose of RbsB release may be to allow it to fulfill its dual roles as both a periplasmic ribose scavenger and a signaling molecule that interacts with the chemotaxis receptor, Trg (24, 25, 32) . The physiological consequences of the observed RbsA-RbsC dissociation are less clear and merit further investigation into the mechanistic underpinnings of this process. Given that intracellular Mg 2ϩ and ATP concentrations are typically 1-10 mM (54), the possibility exists that such dissociation is not experienced in vivo.
The Ribose Transporter Shares Traits with Both Type I and Type II Importers-Type I, or "small," transporters are represented in the literature by the maltose, molybdate I (ModABC), and methionine systems (11-14, 55, 56) . Type II, or "large," transporters are represented in the literature by the vitamin B 12 , heme, and molybdate II (MolABC, formerly HI1470/1471) systems (18 -20, 21, 22, 57) . In vivo labeling experiments have suggested that the topology of RbsC is composed of 10 transmembrane helices/monomer (27) , typical of type II transporters. The association of RbsB with RbsC in the absence of cofactors and the contrasting dissociation in the presence of ribose FIGURE 6 . A, summary of in vitro complex formation experiments, including cofactors and/or substrates utilized, purified proteins used, and resulting complexes. All cofactors/substrates were used at 1 mM final concentrations. B, proposed transport assembly mechanism of RbsABC complex.
Step 1, ATP-Mg 2ϩ bound RbsA (orange) binds to RbsBC (green and red, respectively; bound ribose in yellow), forming RbsABC; step 2, RbsABC hydrolyzes ATP and releases ribose, changing conformation, precipitating dissociation of RbsB and subsequently the release of P i ; step 3, ADP dissociates from RbsAC, causing RbsA to dissociate, allowing loaded RbsB to again bind RbsC.
are both type II-like behaviors. The sequence of RbsA suggests that it contains no regulatory domains that have been identified in type I members MalK (maltose), ModC (type I molybdate), and MetN (methionine), much like type II transporter NBDs (11-14, 18 -22, 51, 53, 55-58) .
However, some ribose transporter behaviors are consistent with type I systems. The promotion of ribose transporter complex formation in the presence of ATP has also been observed in the maltose transporter (28) , in contrast to ATP-dependent complex destabilization in type II transporters (53) . Additionally, RbsB is a member of the SBP family typically associated with type I ABC importers (23, 59 -63) , which employ more significant conformational changes to facilitate substrate capture than those of the type II variety. The shared similarities of the ribose transporter with both importer types suggest that traits are not uniquely clustered, and more consideration may be merited regarding the subdivision of ABC importers. Indeed, studies have revealed that type II importers may possess divergent transport mechanisms correlated with the size of transported substrate (59 -64) . For instance, it was recently demonstrated that the vitamin B 12 transporter has an increased affinity for the substrate-loaded SBP upon ATP binding to the transporter (65) . This contrasts with previous studies that showed that the SBP associated stably only with the nucleotidefree state of the transporter and suggests a role for ATP hydrolysis beyond serving simply as a trigger for binding protein release. A similar promotion of transport is not readily apparent for the ribose transporter based on the proposed order of assembly. In addition, the impact of mutations in conserved elements of RbsA has yet to be determined for transport and may involve functional and structural asymmetry. The consequences of similar mutations have been observed in several ABC exporters, which result in asymmetric ATP binding, hydrolysis, and conformational changes (66 -73) . Details of this mechanism may be elucidated through further studies of the ribose transporter and other similar importers (74 -76) . Indeed, the structural basis of binding protein interactions has recently been demonstrated for the ECF (energy-coupling factor) transporters, a distant branch of ABC importers with multiple binding protein partners per transporter (77) . These studies may provide the framework for understanding the specificity of protein interactions in type I and type II ABC importers and provide additional insight into the diverse means by which ATP is utilized for transport (78) . In conclusion, we propose that, as additional ABC importers are characterized, a spectrum of traits rather than discrete combinations will be the hallmark of this protein superfamily.
